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The pore structure plays an important role to understand methane adsorption, storage
and flow behavior of geological materials. In this paper, the multi-tests including N2
adsorption, mercury intrusion porosimetry (MIP) and CT reconstruction have been
proposed on Tashan lamprophyre samples. The main findings are listed: (1) The
pore size distribution has a broad range ranging from 2-100000nm, among which the
adsorption pores (<100nm) occupies the mainly specific surface areas and pore vol-
ume while the seepage pores (>100nm) only account for 34% of total pore volume.
(2) The lamprophyre open pores are mainly slit-like/plate-like and ink-bottle-shaped
pores on a two-dimensional level. The lamprophyre 3D pore structure shows more
stochastic and anisotropic extension on the z axis to form a complex pore system on
a three-dimensional level. (3) The closed pores (>647nm) occupy averaged 74.86%
and 72.75% of total pores (>647nm) volume and specific surface area indicating a
poor connectivity pore system. The revealed results provide basic information for
understanding the abnormal methane emission reasons in similar geological condi-
tions with lamprophyre invasions. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4997749]
I. INTRODUCTION
Pore structure is characterized by pore size, volume, surface area, pore shape, connectivity,
and spatial distribution. These parameters greatly affect the adsorption and permeability character-
istics of geological reservoirs such as coal and shale.1,2 In China, large area of lamprophyre were
found as igneous intrusion strata associated with coal seam in large quantity of coal beds such as
Huainan, Datong coalfields, Zhangji coal mine in Xuzhou, Shanjialin coal mine in Zaozhuang.3,4
Among which the invasions in Tashan mine of Datong coalfields is particularly typical. Nearly all
of the coal seams and their roofs and floors in Tashan coal mine have experienced extensive lampro-
phyre intrusion.5 The total thickness of the lamprophyre intrusion varies from 0.24 m to 80.79 m.
The invasive area is distributed in the north to the east and accounts for about one half of the
Tashan coal field.6 Previous researches have shown abnormal methane emission occurs in Tashan
invaded working face and evidences show there’s potential risk of coal and gas outburst in lampro-
phyre invaded areas.5,7–9 Former studies have shown that igneous intrusion brings coal bed changes
in geochemical and mineralogy,10 coal rank, metamorphism and adsorption capacity11 and pore
structure.12
However, these former studies seem hard to explain the reasons of abnormal methane emis-
sion and potential risks of coal and gas outburst under igneous invaded geological conditions. As
a widespread existence igneous rock bed accompanying coal beds, there is a lack of research on
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lamprophyre pore structure. Previous researches have used many approaches to characterize the pore
structures of geological materials, e.g. the direct methods such as FIB (Focused Ion beam), SEM
(Scanning Electron Microscope), CT (Computed Tomography), the indirect measurements such as
gas adsorption, MIP (Mercury Intrusion Porosimetry) and SANS/USANS (Small-angle and Ultra-
small-angle Neutron Scattering).2,13–18 Due to the heterogeneity and complexity of pore structures
and the theory limitations of testing methods, there is still a distance between quantitative description
and real pore structure.
The combined use of N2 adsorption, mercury intrusion allows the identification of pore size
distribution (PSD) in a wide range. Thus it is common to combine these two methods in pore structure
characterizations or even adding a direct method such as SEM for a actual visualization.13,15,16
Generally, N2 adsorption characterizes the PSD well from about 0.35 to 400nm based on the adsorption
characteristics between solids and gases. Apertures too small or too large will not suitable for a good
measurements.16 The MIP, based on the non-wettability of mercury on the surface of an object,
has good performance in measuring pore aperture larger than 10 nm.17 By studying the hysteresis
loops the pore shapes can be inferred. However, the pore characteristics obtained from MIP and N2
adsorption are all open pores and none of closed pore information can be collected. Meanwhile, due
to a complex and anisotropic shapes, it is limited to describe pore geometric morphology only by the
former methods.
With the development of digital image processing technology, CT reconstruction method is
becoming more and more common in charactering pore structures.14,18 Compared with MIP and N2
adsorption methods, CT reconstruction provides a direct visualization on pore geometric morphology.
The complex 3D pore structure system can be easily reconstructed by CT. Furthermore, the statistical
information of open and closed pores can be obtained easily.
Therefore, in the present study, typical invaded lamprophyre samples from Tashan coal mine
were selected as testing subjects. Considering their strongly heterogeneous, the N2 adsorption, MIP
and CT reconstruction methods were combined for the investigation of the pore structure. The Hodot
classification for coal pore size is used in this work as micro-pores (<10 nm), transitional pores
(10-100 nm), medium pores (100-1000 nm) and macro-pores (1000-100000 nm).19
II. MATERIALS AND EXPERIMENTAL METHODS
Lamprophyre cores were collected from coal seams #3-5 in mining area #8102 of Tashan Mine,
where lamprophyre intrusion occurs. Large intact lamprophyre blocks were drilled from the working
face and then transported to laboratory directly. The experimental samples were cut from fresh
cores.
N2 adsorption experiments were performed on Beishide 3H-2000PS2 specific surface area and
pore size analyzer and the test following the Chinese National Standard GB/T 5751-2009. The N2
adsorption analysis were interpreted using multi-point Brunauer-Emmett-Teller (BET) and Langmuir
analysis for surface area and Barrett-Joyner-Halenda (BJH) analysis for pore size distributions.2,17
To remove the residual water, samples were placed in 300 oC high temperature vacuum pretreatment
chamber for 4h.
The Mercury intrusion experiments were performed on Micrometrics Autopore IV 9500 using
the Chinese Oil and Gas Industry Standard SY/T 5346-2005. Prior to the experiments the samples
were crushed to pieces and then drying for 12 hours at 70-80 oC temperature. Vacuum pumping in
dilatometer is also necessary before the experiment.12,17
The CT scanning experiments were performed on the µCT225kVFCB high precision micro CT.
Prior to the experiments the samples were burnished into ϕ3mm × 8 mm cylinder specimen using
a glass drill with inner diameter of 3 mm. And then it is polished into a ϕ1mm × 8mm cylinder
specimen by using sandpapers. In this paper, the CT magnification is set as 300× to ensure necessary
clarity. Thus the minimum pore resolution is 0.194/300 = 647nm.18
Additional experiments include polarizing microscope detection and X-ray diffraction (XRD).
The polarizing microscope detection is performed on CP-213 type polarizing microscope using the
Chinese National Procedure (GB/T8899, 1998). The XRD tests were performed on D8 Advance X-ray
powder diffraction on the basis of the Chinese Oil and Gas Industry Standard SY/T 5163-2010.
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III. EXPERIMENTAL RESULTS
A. XRD and polarizing microscope detection analysis
The results of polarizing microscope detection indicate that collected samples are carbonated
lamprophyre. As is shown in Fig.1, the lamprophyre samples have experienced intense carbonated
alterations. The components of lamprophyre are mainly carbonated mica, feldspar, a small amount
of quartz, accessory mineral and metallic minerals.
The determined mineral percentages from XRD tests are presented in Table I. As is shown in
Table I, lamprophyre has a relative complex mineral composition, mainly containing a large portion
of orthoclase (31.4%), dolomite (19.63%), pyroxmangite (13.64%), blodite (13.16%) and quartz
(9.23%). The other minor minerals contain chlorite, montmorillonite, illite and pyrophyllite.
B. N2 adsorption analysis
The N2 adsorption isotherms shown in Fig. 2 are Type II type according to IUPAC (International
Union of Pure and Applied Chemistry) classification,20,21 indicative of multi-layer adsorption, and
FIG. 1. The surface morphology of lamprophyre using polarization microscope.
TABLE I. Mineral components of lamprophyre based on XRD analysis.
Components Dolomite Orthoclase Quartz Chlorite Blodite Montmorillonite Illite Pyrophyllite Pyroxmangite
Content 19.63% 31.4% 9.23% 1.46% 13.16% 3.11% 1.67% 6.7% 13.64%
FIG. 2. Adsorption-desorption isotherms for lamprophyre samples.
085204-4 Li et al. AIP Advances 7, 085204 (2017)
analyzable using BET Theory.13 There was a rapid increase in the first half of adsorption curve at
relative lower pressure (P/Po <0.1, where P is the current pressure, MPa; Po is nitrogen saturated vapor
pressure under -196.15 oC, MPa). This indicates that the sample surface has a stronger adsorption for
N2. The adsorption curve is nearly linear in intermediate section (0.1<P/Po<0.4). This line segment is
usually used to obtain the specific surface area of the sample by BET multi-point method.22 At higher
pressures (P/Po>0.4), a multi-layer adsorption is gradually formed with the continuous increase of
N2 pressure. Particularly when P/Po>0.9 the adsorption layer is further thickened. Saturation does
not appear under saturated vapor state indicating the existence of greater aperture pores that beyond
N2 adsorption testing range in lamprophyre samples.
As is shown in Fig. 2, the non-overlapping adsorption and desorption curves form a hysteresis
loop. Researcher de Boer classified the possible hysteresis loops into five main types based on the
shape of hysteresis loops (Fig. 3).23 Based on this classifications, the IUPAC divides the hysteresis
loop into H1-H4 four types.21 The typical lamprophyre hysteresis loops are H3 type (Fig.2). As is
shown in FIG.2 there is a forced closure at desorption branch at relative pressure P/Po=0.45. This
hysteresis loops indicate that pores fallen in testing range are aggregates of slit-like/plate-like shaped
pores.17,21
Fig. 4(a), (b) illustrate the PSD for pore volume and specific surface area derived from N2
adsorption tests. As is shown in Fig.4, both of the volume and specific surface area distribution curve
own a curve peak. Two curve peaks are all fallen between 2-10nm indicating that the pore diameter
fallen at 2-10nm range occupies the mainly components of pore volume and specific surface area.
After peak point the curve decreases slowly and this reveals that the ratio of pore diameter over 10nm
is relative small.
C. MIP analysis
MIP is an effective supplement and perfection for N2 adsorption test for characterizing open
pores over 100nm. Fig. 5(a) indicates that the mercury injection curve of lamprophyre sample shows
an S-type. The curve could be separated into three regions based on curve shape. A linear trend with
a nearly zero slope at low pressure range (0-0.2 MPa) appears. This indicates that the volume ratio of
FIG. 3. Five types of hysteresis loops and their corresponding pore shape (de Boer, 195323).
FIG. 4. Pore size distribution of lamprophyre derived from N2 adsorption tests.
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FIG. 5. MIP curve of lamprophyre samples.
pores larger than 6,000 nm makes up a small percentage (0.75%). Then the mercury intrusion curve
shows a distinct increase until the capillary pressure reaches 75.6 MPa indicating that lamprophyre
has a relative wide range of pore size distribution.24 After that the intrusion curve shows almost a
straight line (capillary pressure from 75.6-207MPa) again. Similar to N2 adsorption, the mercury
intrusion tests also forms hysteresis loops. The mercury withdrawal curve reveals that a large amount
of mercury stagnated in pores-an indicator of abundant ink-bottle-shaped pores and poor connectivity.
This typical mercury injection-withdraw characteristics reflect two types of pore shape: a slit-shaped
pore structure corresponding macro-pores at relative low pressure (0-0.2 MPa) and a pore structure
composed of a mixture of slit-shaped and ink-bottle-shaped pores corresponding to mainly medium
and transitional pores at relative high pressure (capillary pressure greater than 0.2 MPa).2,17
Lamprophyre PSD derived from MIP and N2 adsorption is shown in Fig. 6. As is shown in Fig. 6,
the dV /dD volume derived from MIP is smaller than that derived from N2 adsorption, nearly an order of
magnitude smaller. The total cumulative pore volume derived from MIP is 0.0088 ml/g, rather smaller
than that derived from N2 adsorption (0.0174 ml/g). Two reasons can explain this discrepancy. For one
hand, N2 adsorption own better technical advantage on characterize PSD from 0-100nm. Because
N2 adsorption theoretical model is determined by modeling the progressive removal of adsorbate
from pores by multiple processes that regardless of whether they represent pore throats or bodies.13
However, for MIP, it overcomes the surface tension of mercury thus the finest part of pore throats is
measured.12 Therefore for the pore structure owing large discrepancies in pore body and throat (such
as ink-bottle-shaped pores) the PSD will show great differences. For the other hand, it seems hard
FIG. 6. Lamprophyre pore size distribution curve derived from MIP N2 adsorption.
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TABLE II. Pore size distribution combined by N2 adsorption and MIP.
Micro-pores Transitional pore Medium pore Macro-pore
Pore diameter (2-10nm) (10-100nm) (100-1000nm) (>1000nm) Total
Pore volume (ml/g) 0.0040 0.0091 0.0048 0.0020 0.0199
Pore surface area (m2/g) 3.59 1.16 0.0895 0.0030 4.8425
for MIP to measure pores below about 6nm which actually has a rather rich abundance and occupies
the mainly pore volume as is shown in Fig. 4.
Table II illustrates the combined results of the pore volume, specific surface area derived from
N2 adsorption and MIP tests. Pore diameter below 100nm is calculated by N2 adsorption whereas
pore diameter greater than 100nm was calculated by MIP and this calculation method is widely used
in pore structure characterization.13,15 As is shown in Table II, the total pore volume and specific
surface area of open pore (>2nm) is 0.0199 ml/g and 4.8425 m2/g. The average pore volumes are
0.0040, 0.0091, 0.0048 and 0.020cm3/g and account for 20%, 46%, 24% and 10% of the total
pore volume for the micro-pores, transitional, medium pores and macro-pores, respectively. The
specific surface of micro-pores, transitional, medium and macro-pores occupy 3.59 (74%), 1.16
(24%), 0.0895 (1.84%) and 0.0030 (0.06%) m2/g, respectively. The combined results indicate that
the specific surface area of the lamprophyre is mainly from micro-pores. Meanwhile, the results
indicate the volume of adsorption pores (micro and transitional pores) accounts for the major pore
volume (65.83%). The mainly seepage pores (medium and macro-pores) only occupies 34.17% of the
total volume. As a result, this type pore structure features is more conducive to methane adsorption
and storage and unfavorable to the development of gas seepage and most methane will be trapped in
pores.
D. CT reconstruction analysis
Pores in the solid materials are subdivided into two classes: opened-cavities or channels (namely
open pores) connected with a surface of a solid, and closed cavities or channels (namely closed
pores), not connected with a surface.25 By combining N2 adsorption and MIP tests, PSD for open
pores from 0nm to 100000nm is presented. However, none of the closed pores have been investigated.
Furthermore, the typical pore shape predicted by hysteresis loops is ideal and limited to describe the
true pore morphology. Therefore, CT reconstruction is performed.
By filtering and binary operations, 1,500 cross-sectional reconstruction slices with 0-255 gray
scale were obtained by analysis software of µCT225kVFCB. For a 300 ×magnification, each x and y
pixel size is 0.647 microns (0.194mm/300 = 0.647µm).18 Figure 7(a), (b), (c) illustrates the 1th, 750th
and 1500th cross-sectional binary slice images, respectively. Black area represents low density area
(i.e., pores) while the white area is for high density matrix.14 It is obviously that there is evident
anisotropy of pore textures in different area of a same slice and in different slices a two-dimensional
level.
In order to obtain 3D pore size distribution and pore geometric morphology characterizations
the software called 3D Doctor is used for 3D image processing. This software can convert 2D image
FIG. 7. 2D CT scanning binary images at different positions.
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into a 3D image for any image format, which is commonly used in medical modeling but rarely
applied in pore structure characterizations for coal or rocks.26 Before image segmentation, the region
of interest (ROI) is defined on each cross-section image so as to limit the area to be processed
by the image segmentation and 3D construction process. By 3D digital modeling, the pore vol-
ume and surface area of pore and matrix can be easily obtained.27 In present study, a circle type
ROI which can include cylindrical sample sections is defined for calculation and 3D reconstruc-
tion (Fig.7). In order to save computing resources 1-50th, 363-412th, 726-775th, 1088-1137th and
1451-1500th stack slices are selected for 3D reconstruction from five positions for ϕ1mm × 8mm
sample, respectively. Fig.8 illustrated the five reconstructed 3D pore-matrix model for the total core
sample.
As is shown in Fig.8, the size, shape and abundance of pores (>647nm) vary greatly for five
3D models. By contrasting Fig. 7(a),(b),(c) and Fig. 8(a),(c),(e), the geometry shape of the 3D
pore structure is not a simple extension on the Z axis for the two-dimensional pore shapes (ie.,
ink-bottle-shaped pores and slit-like pores). Actually the extension seems quite random, anisotropic
and complex. Different models and various area in a same reconstruction model will show quite
anisotropic.
In order to demonstrate the 3D pore morphology clearly, two rectangle type ROI with 200µm ×
200µm size are applied to limit the reconstruction area for 1-50th cross-section slices (Fig.9a). The two
typical pore-matrix cubes with 200µm × 200µm × 267µm size is shown in Fig.9(b),(c). As is shown
in Fig.9(b),(c), The 3D pore structure shows quite anisotropic and complex in different areas(ROI-1,
ROI-2) for a same model. By comparing all the pore structures three pore types can be defined, ie.,
isolated pores, connected pores and connected pore groups. The isolated pores including various
closed pore shapes that not connected with surface: spherical, ellipsoidal, spindle shape and many
other polygonal shape pores that extended in all directions stochastic. Among all the isolated pores,
the numerous spherical-like pore accounted for the vast majority. Open pores can be subdivided into
connected pores and connected pore groups. The connected pores mainly contains narrow cylindrical
pores with various bifurcations whose bodies and throats are quite different. When there is a pore
FIG. 8. 3D reconstruction models for five positions.
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FIG. 9. 3D pore structure images at different ROI.
concentration and the pores are more developed in a certain area the connected pore groups will be
generated (Fig.9(c)).
Base on the above reconstruction method, Table III illustrates the pore structure parameters
derived from five 3D pore-matrix models. The pore volume, specific surface area and porosity show
variations in five modles. Model-2 is the least developed pore system owning a smallest porosity
(1.03), specific surface area (0.01232 m2/g) and pore volume (0.00392 ml/g) whereas model-1 own
the most developed pore system owning a largest porosity (4.79), specific surface area (0.03048 m2/g)
and pore volume (0.00181 ml/g). The largest porosity (4.79) is 4.7 times large than the smallest
porosity(1.03). Table III also shows the volume and surface area ratio of maximum connected pore
group (MCPG) to total in five 3D models. The volume ratio of MCPG to total is from 0.64-1.32
indicating that pore connectivity is relative poor. The surface ratio of MCPG to total is from 1.28-2.52
indicating that most of the methane in lamprophyre is trapped in unconnected pores, and only a small
part storaged in connected pores.
By analyzing MIP intrusion curve the pore volume, specific surface area, porosity of open pores
that diameter larger than 647nm can be obtained.28 Furthermore, CT testing results show the total
pore (including open and closed pore that diameter larger than 647nm) characteristics. Therefore,
Table IV illustrates the whole characteristics of pores(>647nm). As is shown in Table IV, the closed
pore volume is 74.86% of the total, which contributing 76.45% of tatal porosity. Meanwhile, the
open pore specific surface area only occupies 27.25% of the total. This indicates that for pores
TABLE III. The total pore structure parameters (>647nm) by CT.
Total pore volume Specific surface area Volume ratio of Surface ratio of MCPG to
3D Models (ml/g) (m2/g) Porosity MCPG to total total
Model-1 0.018065403 0.030478494 4.79 1.32 2.52
Model-2 0.003918295 0.012321352 1.03 0.64 1.28
Model-3 0.013140863 0.02160079 3.48 0.83 2.09
Model-4 0.007151759 0.016090689 1.90 1.06 1.63
Model-5 0.013105221 0.027616401 3.47 1.21 1.97
Average 0.011076308 0.021621545 2.93 1.01 2.37
TABLE IV. Pore structure parameters (>647nm) by combining CT and MIP.
Pore volume Specific surface area Porosity
Category Value (ml/g) Ratio (%) Value (m2/g) Ratio (%) Value (%) Ratio (%)
Total pores 0.011076 100 0.021622 100 2.93 100
Open pores 0.002785 25.14 0.005893 27.25 0.69 23.55
Closed pores 0.001429 74.86 0.015729 72.75 0.67 76.45
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diameter larger than 647nm, the methane will be mainly traped in closed pores and it is hard for gas
seepage.
By combining N2 adsorption, MIP and CT analysis, a comprehensive pore structure character-
isation from 2D to 3D pore structure system can be obtained. Considering all the above combined
results a gas flow separation wall with strong adsorption and storage and weak ability for gas seepage
and connectivity will be formed in and above coal-bed due to intruded lamprophyre sill. As a result
the trap effect of widely distributed Tashan lamprophyre sill will prevented methane from being
released.29 This is critical to explain the reasons of abnormal methane accumulation and emission in
similar geological conditions with lamprophyre invasions.
IV. CONCLUSION
The N2 adsorption, MIP and CT reconstruction analysis were combined on a set of Tashan
lamprophyre samples to characterize the complex pore structure. The following conclusions can be
made from this study:
(1) The PSD of lamprophyre has a relatively broad range, ranging from 0nm to 100000 nm. The
adsorption pores (<100nm) occupies the mainly specific surface areas and pore volume. The
seepage pores (>100nm) only account for 34% of total pore volume. This pore characteristic
should be favorable for methane adsorption and storage and unfavorable for methane seepage.
(2) N2 adsorption results indicate that open pores smaller than 100nm are mainly slit-like/plate-
like pores. MIP tests reveal that lamprophyre open pore structures are composed of a mixture
of slit-shaped and ink-bottle-shaped pores. This is evidence for a poor connectivity.
(3) CT reconstruction shows that lamprophyres have a complex 3D pore network system. The
pore system can be divided into isolated pores, connected pores and connected pore groups.
Different 3D models derived from different slice sections and various areas in a same model
show great anisotropic.
(4) The combined use of MIP and CT indicates that closed pores (>647nm) occupy averaged
74.86% and 72.75% of total pore volume and specific surface area. The open pores contribute
only 23.55% of total porosity.
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